The oornpFessive defomatkm of aged and ~e d P-Titanium alloyCri-15V-3Cr-3Sn-3A) was M@ at between 77K and 6 7 3 Y at strain rate up to 10 &. 
Introduction
Metastable j3-titanium alloy of excellent corrosion resistant and of good machinability can be aged as (a$) two phase alloy of high-strength ratio, and will be employed as structural material for high velocity vehicles. From this point of view, it should be concerned to characterize mechanical properties of the material in wide range of temperatures and strain rates up to impact loading. There have been proposed several mechanisms such as dislocation damping to understand the high velocity deformation, but first of all , it is generally recognized that the thermally activated strain rate analysis can provide fundamental insight into the temperature and strain rate effect on the stress[l,2j. It is also essential to clarifjr structure evolution during deformation in a wide range of temperature and strain rate. Several authors have found that the significant rate dependence of the flow stress of soft materials such as aluminum and copper in the high strain rate ranges can be understood in connection with the strong evolution of structure during deformation. In the case of titanium alloys, on the other hand, there was not reported any appreciable temperature and strain rate history effect on the stress-strain relations, while adiabatic heating effect due to plastic work may play a predominant role on the deformation behaviour as usually expected for high strength materials [3-51. In the present paper, the compressive deformation of aged and U-aged P-titanium alloy ,Ti-15V-3Cr-3Sn-3Al, was investigated in the wide range of temperature and s91n rate, and mechanical behaviour was discussed based on the thermally activated process concept ~t h faking account of adiabatic heating effect and strain rate change during deformation.
Material and Experimental Procedures
The material was metastable P-titanium alloy,Ti-lSV-3Cr-3Sn-3Al, and was machined to un-aged compressive specimens of 3mm in length and 4mm in diameter, after solution treated Chemical ~mpositions of the material are given in Table. 1. Micro-hardness measurement for isothermal aging at 723K was performed as shown in Fig. 1 , and the aging condition for 6 hours was ada,pted. Stat13 mpression test at constant temperature and strain rate were camed out in the range of straln rate of 10 "~o"s-' and at temperatures of 77K--673K. Strain rate andlor temperature change tests were also conducted to evaluate the strain rate sensitivity of stress and the history effect of temperature and st+n ate on the stress-strain relations. The split Hopkinson pressure bar method [6] was used for the dynamic test at strain rates of 5 X 102~-'--1.2 x 104s", and the apparatus and the measuring circuits are schematically illustrated in Fig.2 . The striker, the input, and the output bars were of tool steel rods, and the h t h ends of the input and the output bars facing to-the specimen were quenched and tempered to possible plastic deformation. The stress waves in the input and the output bars were sensed by gauges cemented on the indicated positions in the figure, and were stored in the mulo-channels &lent recorder with sampling rate of 1 wordlpsec after amplified up to 60dB through the ~re-ampllfier Of *ch distorsionless frequency response was ranged up to 2MHz. The stress, strain, and smln rate Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:19973103 with a decrease of temperature, and the tendency is much more significant for the un-aged material. It is clearly observed the temperature dependency of the aged alloy is almost same as that of Ti-5Al-2.5Sn(a)alloy at low temperatures both for the static and dynamic deformations. These facts imply that the characteristic nature of the a and the p phases respectively predominate the temperature dependence of stress at high and low temperatures even for the ( a + $ ) two phase alloy. In Fig.5 examples of true stress-strain relation obtained by different loading paths of temperature andlor strain rate are shown. Even for the completely different loading paths, almost identical stress-strain curves were observed at the same temperature and strain rate, and consequently, it can be interpreted that the stress-strain relations are independent of the temperature and strain rate history both for the materials [8, 9] . 
77K
The stress, o, can be expressed in terms of the thermal, o*, and the athermal component, o, , of the stress as follows.
For the present materials these components can be assumed as independent of temperature and strain rate history as sho\w In Fig activation energy, R, the gas constant and T is the absolute temperature, respectively. When the activation energy is a function of a*, the stress is rewritten as; a = H' (5) with the strain rate change were observed even at low temperatures such as 77K, while they were only found at above room temperature in the case of the un-agedmaterial. The yielding ?henomepa amciated with an increase of strain rate may be due to an possible increase of mobile d~slocatlon density especially at low temperature, while at high temperatures, dynamic strain aging during def~rmafion may contribute to the phenomena to some extent. Therefore, two kinds of strain rate sensitivity of stress C F be evaluated corresponding to the A=',, and the Anz, indicated in the figure. It should be noted %at
Since the stress increment , Aol, was observed within a second after the strain rate was changed, mobile dislocation density might not be increased significantly in that time span, and straln rate senslfiwty of Stress evaluated by Ac201 could be used to predict deformation behaviours at high stram rate. On the other hand, strain rate sensitivity of stress evaluated by A02 would involve the stress decrement due to the ' "rt%e of mobile dislocation density, and consequently may predict deformation charactenstrcs at low C3-602 JOURNAL DE PHYSIQUE IV strain rate range.
In Fig.7 all flow stress measured at are plotted versus the temperature-strain rate parameter 5. Using the strain rate sensitivity of stress (AallAIni)~ evaluated by Aoi and adopting the value of Lnm=28, the experimental data fit a single smooth curve in the case of un-aged material as already reported [8] . In the case of the aged material, on the
other hand, two curves have to be drawn as in the case of Ti-6A14V(a+P) alloy already reported [3] . Using the values of In& =20 which was also adapted for Ti-5Al-2.5Sn(a) alloy [2, 6] and IREO =28, respective smooth curves fit the data at high and low temperatures as shown in (a), where the t t+ 4 t t arrows indicating the gradient of the curve were directly derived from the strain rate sensitivity of the stress. When the strain rate sensitivity of stress ( A I s~/ L~~~) T was selected, a single smooth curve fits all the data by using the value of Iiko =40 as shown in Fig. 7(b) . Kocks et al[10] have proposed a general form of the activation energy in terms of the thermal component of stress as follows.
H=Ho[l-(a*/ IS*^) p] 9,

Ho=R 4 o (5)
where O<p<l,l<q<2, a*o is the value of a* at OK, and 60 is the value of 5 at a* 4. The values of p, q, a *~ and go are given in the figures for the respective curves and are found to be independent of strain. The athermal component I EZ EY t of stress,^,, can be determined as the stress at 50 and is where the values of A=890MPa, m=0.09(0.021~10.2), and lnko=28 for the un-aged material, and the values of A=1740MPa, m=0.04 (&10.04), A=1580MPa, m=0.01(~>0.04) at l n i~2 0 , and A=1750MPa, m=0.05(~50.03), A=1580MPa, m=0.02(e0.03) at lnio=28 for the aged material respectively [8, 9] .
Stress-Strain curve
Since the thermal component of stress is a function of 5 and the athermal component of stress depends only on the strain as was explained previously, the stress increment, Ao , can be obtained as; Ao=Aa*+Aop=(da*ld 4 ) A 4+(da,/d € ) A E A temperature nse due to the (7) adiabatic heating can be -ZOlK When the incident stress wave is given, the stress, the strain ,the strain rate , and the temperature can be evaluated by these equations from (5) to (9). Fig.8 schematically illustrates calculation procedure of stress-strain relations. By using the stress of specimen, o(t) at time ,t, and the incident stress wave 01(t+At) at time ,t+At, to equation (9), the strain rate i(t+At)and the strain ~(t+At) can be obtained, and then the stress o(t+At) can be evaluated from eqs. (5) and (6) . Plastic deformation will start and temperature change may occur, when the stress o(t+At) becomes less than the elastic stress o~(t+At)=E~(t+At). Thus, the same kind of procedure was repeated, and the stress-strain relatrons were constructed. Temperature dependency of the specific heat was assumed as y=0.00037T+0.4(JlgrK) 11 11, and the density of p=4.76gr/cm3 was used independent of temperature.
% stress-strain relations of the aged and the un-aged materials predicted for isothermal(P=O.O) and adlabatic(P=l.o) conditions are given in Fig.9(a)(b) with the experimental results, and calculated temperature changes during high strain rate deformation are typically shown in Fig.10 for the aged material. It can be seen that the experimental results at high strain rates are well understood by the thermally activated process concept with taking account of the adiabatic heating and the strain rate change effects during deformation. An example of strain rate during deformation obta~ned by the experiment and calculation is shown in Fig. 1 1 . Fig.l2(a) gives the true stress-strain rate relations for 10% strain in the case of un-aged material. The broken curves were derived by assuming isothermal deformation based on the da? obpined in the quasishhc strain rate range, while the solid curves were drawn by taking account of adiabat~c temperatye nse and strain rate change during high strain rate deformation as explained In detalls. The dynamlc test results especially at low temperatures could be nicely predicted by the solrd curves rather than the broken cFes. In the case of the aged material, the same kind of relations for 3% strain were represented in Ag.12(b) together with the calculated values. Respective curves were obtained by using the strain rate
----a ---=*z;z; 5;f; ==== ==be=S C3-604 JOURNAL DE PHYSIQUE IV sensitivity of stress indicated in the figure, and the experimental results are represented by the open circles. The stresses at high strain rate denoted by the solid squares and triangles were evaluated by taking account of the adiabatic heating effect during deformation. It should be noted that for low temperatures, the experimental data at high strain rates are well consistent with the calculated results by using the strain rate sensitivity of stress without increase of mobile dislocation density as for the a-alloi, while for high temperatures they agree with the predictions rather by using the value as for the P-alloy. The strain rate sensitivity of stress associated with an increase of mobile dislocation density well predict the experimental results at relatively low strain rate range, while a significant discrepancy is evidently expected at high strain rates where additional stress decrease will be caused by adiabatic heating effect.
43.Structure evolution
Even though it was already mentioned in Fig.5 that the stress-strain relations were almost independent of the loading history in the case of the temperature change fiom low to high and/or strain rate change from high to low, there were detected some history effect especially in the case of change fiom high to low in temperature andlor vise versa in strain rates. This fact implies that the thermal component of the stress is much more significantly influenced by the loading history effect, while the athermal component of the stress is independent of the loading history. It was already reported that mechanical twinnings were observed in the un-aged specimen dynamically deformed at low temperature, while at hi$h temperature there could not find any mechanical twinnings even at high rates of strain such as 10 s-' [8] . Since mechanical twinnings may effectively hinder the dislocation motion, structure evolution may be significant at low temperature andlor much higher strain rates, and history effect will be well understood from this point of view. Therefore, further investigation of the history effect on the thermal component of stress is needed in connection with microstructural observations to predict the stress-strain relations in the wider range of temperature and strain rates.
Compressive strength of aged(a+P) and un-aged ( P )Titanium alloys(Ti-15V-3Cr-3Sn-3AI) has been investigated in the wide range of temperature fiom 77K to 673K and strain rate from loJto 10~s-'. Results are summarized as follows.
(1) The ~tress-~qin relations are almost independent of temperature and strain rate history. At the strain rate of 10 s' the thermal component of stress is uniquely determined by the temperature-strain rate parameter E independently of strain, and the athermal component of stress is a function of the strain only. (2) Increasing the strain rate, a significant temperature rise is predicted due to heat conversion of plastic work during deformation, and yields a remarkable thermal softening at low temperatures. (3) Deformation of titanium alloys investigated is well understood in connection with the thermally activated process concept and the stress-strain relations at high strain rates are satisfactorily predicted by strain rate sensitivity of stress without change of mobile dislocation density, also with taking account of adiabatic heating and strain rate change effect during deformation.
